The main purpose of the paper is to discuss a possibility of the determination of the values of the coherence length and the Cooper-pair size in unconventional superconductors by using tunneling spectroscopy. In the mixed state of type-II superconductors, an applied magnetic field penetrates the superconductor in the form of vortices which form a regular lattice. In unconventional superconductors, the inner structure of a vortex core has a complex structure which is determined by the order parameter of the superconducting state and by the pairing wavefunction of the Cooper pairs. In clean superconductors, the spatial variations of the order parameter and the pairing wavefunction occur over the distances of the order of the coherence length and the Cooper-pair size, respectively. Therefore, by performing tunneling spectroscopy along a line passing through a vortex core, one is able, in principle, to estimate the values of the coherent length and the Cooper-pair size. To our knowledge, the theoretical consideration of the density of states inside vortex cores for unconventional superconductors is presented for the first time.
INTRODUCTION
Superconductivity requires the electron pairing and the onset of long-range phase coherence. These two physical phenomena are independent of one another. In the framework of the Ginzburg-Landau theory [1] , the superconducting state is characterized by the order parameter . The coherence length ξ GL is the characteristic scale over which variations of occur, for example, near a superconductor-normal metal boundary. Generally speaking, the coherence length is different from the size of the Cooper pairs, ξ, which is related to the wavefunction of a Cooper pair ψ. Furthermore, the coherence length depends on temperature, ξ GL (T), while the Cooper-pair size is temperature-independent, at least, in conventional superconductors. The coherence length diverges at T → T c , where T c is the critical temperature. For every superconductor, the knowledge of the values of the coherence length and the size of Copper pairs is important for the understanding of the underlying mechanism of superconductivity.
The superconducting state can be destroyed by a sufficiently strong magnetic field. The variation of the thermodynamic critical field H c with temperature for a type-I superconductor is approximately parabolic:
where H c (0) is the value of the critical field at absolute zero. For a type-II superconductor, there are two critical fields, the lower critical field H c1 and the upper critical field H c2 . In applied fields less than H c1 the superconductor completely expels the field, just as a type-I superconductor does below H c . At fields just above H c1 flux, however, begins to penetrate the superconductor in microscopic filaments called vortices which form a regular lattice, as shown in Fig. 1a . Each vortex In the mixed state of type-II superconductors, each vortex consists of a normal core, and can be approximated by a long cylinder with its axis parallel to the external magnetic field. The radius of the cylinder is of the order of the coherence length ξ GL . (b) Spatial variations of the magnetic field H and the order parameter inside and outside an isolated vortex in an infinite superconductor. R is the distance from the center of the vortex, and ξ GL and λ are the coherence length and the penetration depth of the superconductor, respectively (in type-II superconductors,
consists of a normal core in which the magnetic field is large, surrounded by a superconducting region, and can be approximated by a long cylinder with its axis parallel to the external magnetic field. Inside the cylinder, the superconducting order parameter is zero, as illustrated in Fig. 1b . The radius of the cylinder is of the order of the coherence length ξ GL . The supercurrent circulates around the vortex within an area of radius ∼λ, the penetration depth. The vortex state of a superconductor, predicted theoretically by Abrikosov [2] , is also known as the mixed state. By increasing the magnitude of the applied magnetic field from H c1 to H c2 , the distance between vortices decreases, becoming zero at H c2 . At H c2 , the field penetrates completely the superconductor, making it normal.
Probably, the best technique for the determination of the behavior of the vortex cores in the bulk of type-II superconductors is muon spin rotation (µSR) measurements [3] . However, µSR are not able to determine (i) the inner structure of the vortex cores and (ii) the local density of states of quasiparticle excitations.
Tunneling spectroscopy is an unique probe of the superconducting state in that it can, in principle, reveal the quasiparticle excitation density of states directly with high energy resolution [4] . By using a scanning tunneling microscope (STM), one can obtain images of the vortex lattice in the mixed state of superconductors, and perform local spectroscopy inside and outside vortex cores [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . At low magnetic field H ∼ H c1 , when the distance between vortices is large ( ξ GL ), the variation of the local density of states inside and outside vortex cores is determined by the order parameter and the pairing wavefunction of the Cooper pairs ψ. The spatial variations of and ψoccur over the distances of the order of ξ GL and ξ, respectively (in the clean limit). Therefore, by performing tunneling spectroscopy along a line passing through the center of a vortex core, one can in principle estimate the values of the coherent length and the Cooper-pair size. The main purpose of the paper is to investigate a possibility of the determination of the values of the coherence length and the Cooper-pair size in unconventional superconductors by using tunneling spectroscopy in the mixed state. To the best of our knowledge, the theoretical consideration of the density of states inside vortex cores for unconventional superconductors is presented for the first time.
The paper is organized as follows. We first discuss the spatial variation of the local density of states in the vortex cores of conventional superconductors. Then, we shall turn our attention to halfconventional and unconventional superconductors. In the following section, we shall compare our results with real data obtained in half-conventional and unconventional superconductors. The paper ends with a discussion and conclusions.
CONVENTIONAL SUPERCONDUCTORS
Superconductivity requires the electron pairing and the onset of long-range phase coherence. In the framework of the BCS (Bardeen-Cooper-Schrieffer) theory for conventional superconductors [15] , the electrons form pairs due to phonons, while the phase coherence is established by the overlap of the Cooper-pair wavefunctions. The latter process is also called the Josephson coupling. Such a way of the establishment of the long-range phase coherence gives rise to an order parameter which is a "magnified" version of the Cooper-pair wavefunctions. Therefore, the values of the coherence length and the Cooper-pair size in conventional superconductors coincide at T = 0: ξ GL (0) = ξ(0) = ξ 0 , as shown in Fig. 2a . The coherence length (or the Cooperpair size) ξ 0 determined by the energy gap at zero
